The recently introduced coupled shorted-patches technique for the design of extremely low-profile UHF RFID tag antennas is used to illustrate the flexibility of selected feeding methods for tuning the antenna input impedance for the complex values required for matching with typical RFID chips. We present parametric studies of the impedance behaviour of dipole-excited and directly excited antennas designed for radiofrequency identification of people in the European UHF frequency band. Our study can significantly facilitate the design of this class of on-body tag antennas.
Introduction
Small, low-profile, lightweight, cheap... these are the most frequently-used words in connection with antennas for wearable applications. If we add to this sufficient radiation efficiency and immunity of the electrical parameter against the presence of a human body, we have a specification of the basic requirements for wearable antennas. Unfortunately, a number of these demands conflict with each other. Miniaturization of radiator size is limited by fundamental laws [1] [2] [3] , while frequency bandwidth and radiation efficiency decline with size reduction.
Immunity of the wearable antenna against the influence of the human body is often dealt with by inserting a thin metallic plane that provides additional screening for a single radiator (e.g. a dipole antenna), or it forms an inherent part of the antenna (e.g. patch-type antennas) [4] . In both cases, however, this type of solution significantly affects the electrical properties of the antenna, as will be discussed below. Another requirement for a wearable antenna for use as a UHF RFID tag antenna is that the inductive input impedance complex conjugate to the chip impedance must have a strong capacitive component [5] . A special radiator arrangement, including various more or less sophisticated feeding techniques, must therefore be used.
The coupled shorted-patches technique that has been presented recently in [6] [7] [8] [9] enables the design of extremely low-profile antennas (typically below 0.01 λ 0 ). These have much better immunity from the influence of a human body situated in the close vicinity than for the same substrate height standard half-and quarter-wavelength microstrip patch antennas. At the same time, the radiation efficiency of the structure is satisfactory -typically better than 50 %. The two ways of excitation also enable the input impedance to be tuned for complex values, which is an essential condition for feeding the antenna in the case of RFID chips. This paper begins by providing a brief summary of the impedance properties and the radiation efficiency of lowprofile wire and patch antennas operating closely spaced above or inherently above metallic planes. The benefits and drawbacks of wire-and patch-type antennas are outlined and discussed.
Further, we illustrate the impedance flexibility of coupled shorted patches for achieving the required complex value using parametric changes of the antenna, excitation dipole and/or tuning slot geometry. This enables the input impedance to be set for typical complex values of UHF RFID chips, i.e. approximately 5 Ω to 50 Ω for the real part and 100 Ω to 200 Ω for the imaginary part.
2. Benefits and drawbacks of wire and patchtype antennas closely spaced above metallic planes 2.1. Wire type antennas A dipole-type antenna closely spaced above a perfect electric conductor (PEC) may be treated as dipole pair with opposite currents using the mirror principle. As mentioned above, the immunity against negative objects is significantly improved if the primary radiator is placed at a relative distance of approx.  g /4 above the PEC plane. In this case, the direct and reflected waves interfere constructively, and in an ideal case the antenna gain may be improved on as far as 3 dB.
However, destructive interferences appear if the distance of radiator h from the plane is a very small fraction of the wavelength. The image currents (I 2 ) exhibit a direction opposite to the direction of the primary dipole currents (I 1 ).
The dipole pair input impedance Z in is then expressed as Z in =Z 11 +Z 12 I 1 /I 2 , where, for a close metallic plane mirror, the current is I 2 I 1 . Z 11 stands for the self-impedance of the single dipole, while Z 12 represents the mutual impedance of the dipole and its image [10] . For h/λ → 0: Z 11 ~ Z 12 , therefore Z in → 0, consequently the dominant part of the input resistance, radiation resistance R rad → 0. As a result, both the radiation and the antenna efficiencies decrease significantly. A detailed analysis can be found in [4] . It is simple to apply a distance dielectric pad between the wire radiator (e.g. a planar dipole) and the metallic plane, but this is not a sufficient improvement of the problem with the decrease in radiation efficiency, which was discussed above. Unfortunately, the pad needs to be relatively thick (0.01-0.1 0 ); see [11] [12] [13] .
Unlike when a perfect electric conductor (PEC) is used, a perfect magnetic conductor (PMC) reflects the electromagnetic wave without a phase shift, i.e. the image current (I 2 ) exhibits a direction that is the same as the direction of the primary dipole currents (I 1 ). This phenomenon theoretically enables us to place the primary radiator at an arbitrary distance from the shielding PMC plane, without a rise in the destructive interferences.
Artificial magnetic conductors (AMC) or high impedance surfaces (HIS), usually based on mushroom structures as a particular realization of PMC planes, are sometimes considered for use for low profile antennas. However, narrow frequency bandwidth and complexity of the structure is a major limitation for the use of AMC surfaces [14] [15] [16] [17] [18] in the UHF band.
These limitations can be explained on the basis of the parallel resonant circuit model of the cell of a mushroom structure with the resonant frequency, which can be reduced by a rise in the capacity or the inductance values. A rise in capacity can be achieved either by reducing the gap between the metallic patches or by increasing the patch size. Another way is to increase the shunt inductance via an increase in substrate height. Increasing the capacity has a negative influence on the bandwidth, according to the relation. Increasing the inductance, on the other hand, sets high requirements on the complexity of the structure. Unfortunately, due to the necessity to manufacture shunt inductive vias several millimeters in length in the UHF band [19] , their implementation, to date, does not allow us to construct antennas with sufficiently low profiles (h/λ 0 < 0.01) [4] . A number of modifications and a property analysis of AMC surfaces have been published; for example [15] , [16] , [20] [21] [22] [23] . However, they have similar or, indeed, worse properties in the UHF frequency band. Thus, AMC surfaces can be used successfully for improving the performance of the antennas in the high rf and microwave frequency bands, above approx. 2 GHz.
Patch and PIFA antennas
The application of antennas based on a metallic ground plane, i.e. patch and PIFA antennas [24] [25] [26] , which can prevent undesirable effects of a nearby object in the proximity of the antenna, is a different approach to these problems. However, at relatively low operational frequencies (hundreds of MHz), several potential difficulties must be taken seriously into account. First, when the substrate is less than approx. 0.01 λ 0 in height, and the relative permittivity ε r is higher than that of the air or foam substrate, see Fig. 1 , their radiation efficiency decreases significantly [27] . Second, the basic patch resonant frequency corresponds to  g /2 or  g /4 and, therefore, at UHF frequencies, patch or PIFA antennas may not be small enough for the intended application. 
Coupled shorted-patches technique
As mentioned in the introduction, the employment of coupled shorted patches enables the design of extremely low profile antennas, lower than 0.01 λ 0 , with very good immunity from the influence of a human body located in the close vicinity. The structure is derived from the standard shorted-patches antenna. Despite its many virtues, the standard shorted-patches antenna suffers from a significant fall in its radiation efficiency (below 50%) if the relative thickness of the substrate drops below approx. 0.01 λ 0, see [27] . This phenomenon can be eliminated if there are two quarter-wavelength patches that are strongly coupled by a narrow gap, see Considering the analogy of the coupled shorted-patches radiator with the common patch antenna, the radiation might be explained on the basis of the transmission line model (TLM) [28] . The radiation of the common rectangular patch antenna is attributed to the electromagnetic fields on the opposite edges along the resonance length of the patch. The phase shift of the normal components of the field to the ground plane is 180° and, consequently, the far field from these components is minimized. By contrast, the phase shift of the tangential components of the field is 0° and consequently the far field from these components is maximized. However, the normal E-field component passing through the substrate causes additional dielectric losses. On the other hand, coupled shorted-patches concentrate the electric field into the coupling slot going partially through the air above the substrate, and they thus minimize the dielectric losses in the only one coupled radiation slot. The coupled shorted-patches antenna can be excited by a linear planar radiator etched on a very thin superstrate, or directly by a symmetrical feeder (e.g. an RFID chip), inserted into the coupling slot between the inner patch edges. Ways of tuning and matching the impedance to the chip impedance using the two types of feeding are described in the following section.
3. Parametric study of tuning the input impedance of coupled shorted-patches 3.1 Dipole-excited coupled shorted-patches
The total size of the dipole-excited coupled shortedpatches antenna considered here is 60 × 95 × 1 mm (the relative size is equal to 0.17 × 0.28 × 0.003 λ 0 at 869 MHz). The dielectric constant accounts for  r = 3.2, while its loss tangent reaches tan  = 0.002. A planar double meander folded dipole 1 mm in width (see Fig. 4 ) and 58 × 16 mm in outer size is used as an excitation element. However, other radiator shapes might be considered, such as a meander dipole, a folded dipole, a loop antenna, etc.; see [6] and [29] [30] [31] .
The principle for setting the antenna impedance for the required complex value at the specified frequency of the European UHF RFID band is based on the change in the current distribution on the excitation meander dipole by modifying its geometry and size in conjunction with modifying the size of the coupled-patches structure. The parametric study employs impedance-sensitive dimensions such as patch length, coupling gap width, excitation dipole length, and superstrate height to tune the input impedance for a complex conjugate value to the RFID chip impedance Z chip = 76 -j340  at observation frequency 869 MHz. The changes are applied just to this one parameter, while the other parameters remain the same as mentioned above. As can be seen from the previous study, basic tuning of the antenna input impedance is performed by changing the patch length, whereby the radiation efficiency in the vicinity of the maximum is ensured simultaneously. The patch length should be set to a quarter-wavelength on the substrate that is used. Then finer tuning can be achieved by means of the dipole length and the gap width.
The radiation efficiency is dominantly affected by the height of the patch substrate, see Fig. 9 . The other tracked parameters do not have a significant influence. 
Directly excited coupled shorted patches with tuning slots
Another way to simplify the structure of the radiator is by removing the upper substrate and exciting directly by the symmetrical feeder, inserted into the slot situated between the inner patch edges. Unfortunately, this structure does not sufficient the capability of the impedance tuning. However, this could be solved by inserting two tuning slots as reactive elements placed symmetrically on both sides of the coupling slot, see Fig. 10 .
The total size of the directly-excited coupled-patch antenna is 60 × 100 × 0.76 mm (the relative size is 0.17 × 0.29 × 0.0022 λ 0 at 869 MHz). The dimensions of the impedance tuning slots are: length 40 mm, width 6 mm, and distance from the coupling gap 7 mm. The antenna is performed on a low-permittivity substrate  r = 3.2, while its loss tangent is tan  = 0.002.
The principle for setting the antenna impedance for the required complex values at the specified frequency is based on the change in the field distribution of the inner part of the coupled patches using the tuning slots and consequently the overall antenna size. The parametric study again employs impedance-sensitive dimensions such as patch length and width, coupling gap width, tuning slot length, and their distance from the coupling gap to tune the input impedance for the complex conjugate value to the RFID chip impedance Z chip = 76 -j340  at observation frequency 869 MHz. The changes are again applied just to the one parameter, while the other parameters remain the same, as mentioned above. The first study of a directly-fed shorted-patches antenna presents the sensitivity of the antenna impedance to the patch length and width, see Fig. 11 . The input resistance varies between a few and approx. 50 Ω, and the imaginary part varies between 90 Ω and 230 Ω at observation frequency for a patch length between 95 and 105 mm. This extent is not sufficient for matching the intended RFID chip. In addition, the input resistance varies between approx. 20 and 1100 Ω, and the imaginary part varies between 200 and 500 Ω at observation frequency for a patch width between 42 and 78 mm. There is significant sensitivity of the input impedance to the width of the coupling gap, where changes between 0.3 to 5.7 mm cause variation of the input resistance between a few Ω and 600 Ω and variation in input reactance between 120 to 400 Ω; see Similarly as for the dipole excited case, basic tuning of the antenna input impedance can be performed by changing the patch length, whereby the radiation efficiency in the vicinity of the maximum is ensured simultaneously. The patch length should be closer to the quarterwavelength on the substrate that is used. Then finer tuning can be achieved by means of the gap width and by tuning the position and the width of the slots.
The radiation efficiency is again dominantly affected by the height of the patch substrate, see Fig. 15 . The other tracked parameters have no significant influence. 
Measurement and identification tests
Both antenna prototypes discussed above were manufactured and their performance properties were verified by measurement. The simulated and measured reflection coefficient, the total efficiency in free space and in the close vicinity of a human body of both coupled shortedpatches antennas and the power gain are compared in Table  I . Good immunity against the influence of a human body can be seen for the final matched prototypes.
The measurement of the designed antenna was carried out in the monopole arrangement, in order to avoid the use of a balun situated between the antenna and the coaxial connector. The monopole input impedance then accounts for a half of the value compared to the dipole impedance; [8] . Consequently, Z monopole = Z dipole /2 is considered for further evaluation (where Z dipole = Z chip * = 76 + j340 . The radiation efficiency was evaluated from the impedance measurement performed using the Wheeler cap method [32] . The cap size was equal to 122 × 122 × 122 mm. The measurement was performed with and without a human body phantom (manufactured from agar with ε r ~ 55 and tan δ ~ 0.5 of 80 × 110 × 15 mm size), which was enclosed into the back of the antenna. In order to evaluate the performance of the tag antennas in real system conditions, a read range test was performed in a 4 m wide building corridor. Tag antennas with the chip were fixed at a height of 1.25 m on the chest of a person. The test results are included in Table 2 . Table 2 : Measured maximum identification distance in the corridor of building 4 m in width and 3.5 m in height. 
Conclusion
An illustration has been provided of the flexibility of the tuning of coupled shorted-patches RFID tag antennas for the required complex input impedance using two different feeding techniques. The parametric studies of the influence of geometrical modifications on the input impedance behaviour can significantly facilitate the design of this class of on-body tag antennas.
The prototypes presented here were matched to RFID chip impedance Z chip = 76 + j340  at frequency 869 MHz with concurrent very good immunity from the influence of a human body situated in the direct vicinity of the antenna. The measured radiation efficiency of the structure was sufficient, typically better than 50%.
